Zika virus (ZIKV) has been associated with morbidities such as Guillain-Barré, infant microcephaly, and ocular disease. The spread of this positive-sense, single-stranded RNA virus and its growing public health threat underscore gaps in our understanding of basic ZIKV virology. To advance knowledge of the virus replication cycle within mammalian cells, we use serial section 3-dimensional electron tomography to demonstrate the widespread remodelling of intracellular membranes upon infection with ZIKV. We report extensive structural rearrangements of the endoplasmic reticulum and reveal stages of the ZIKV viral replication cycle. Structures associated with RNA genome replication and virus assembly are observed integrated within the endoplasmic reticulum, and we show viruses in transit through the Golgi apparatus for viral maturation, and subsequent cellular egress. This study characterises in detail the 3-dimensional ultrastructural organisation of the ZIKV replication cycle stages. Our results show close adherence of the ZIKV replication cycle to the existing flavivirus replication paradigm.
. Transmitted by various mechanisms, including vector transmission by Aedes mosquitos, human-to-human transmission through sexual contact, and vertical transmission from mother to fetus (Ferreira-de-Brito et al., 2016; Tabata et al., 2016; Yockey et al., 2016) , the spread of the virus into Brazil has led to the association of Zika infection in pregnancy with microcephaly, ocular maladies, and other complications in newborn children (Brasil et al., 2016; Lessler et al., 2016; Mlakar et al., 2016; Ventura, Maia, Bravo-Filho, Góis, & Belfort, 2016) .
Although many other flaviviruses are also mosquito-borne, including Dengue virus (DENV) and West Nile virus (WNV), they are not routinely associated with birth defects or sexual transmission. The convergence of multiple routes of infection, neurological disease, and developmental defects in newborns with ZIKV infection indicates that the viral pathology differs from other flaviviruses. Thus, in addition to similarities with all flavivirus infections, there are unique aspects of the ZIKV lifecycle and viral tropism that contribute to the currently observed significant pathogenesis. Rapid changes in Zika-related morbidity, and emerging evidence that the presence of antibodies against DENV may increase the severity of Zika-related disease (Dejnirattisai et al., 2016) . Growing evidence for the efficacy of host-targeted therapeutics for broad-range reductions of viral load and disease caused by numerous enveloped RNA viruses (e.g., Acosta & Bartenschlager, 2016) highlights the increased need to study the basic aspects of the virus and its interaction with the cytoplasm of infected cells.
Studies of ZIKV infection of skin cells have shown receptormediated virus entry and increased virus replication upon stimulation of autophagy (Hamel et al., 2015) . Upon direct translation of the approximately 11,000 nucleotides genome (Kuno & Chang, 2007) at the rough endoplasmic reticulum (ER), the genomic product is a single polyprotein cleaved by cellular and viral proteases into 10 proteins.
Three structural proteins form the viral coat: capsid (C), (pre)membrane (prM/M), and envelope (E). Seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5, the RNA-dependent RNA-polymerase) facilitate replication. All known flavivirus RNA replication and viral packaging occurs in association with the ER (Lorenz et al., 2003; Mackenzie & Westaway, 2001; Offerdahl, Dorward, Hansen, & Bloom, 2017; Welsch et al., 2009 ). In ZIKV, immature virions, 60 nm in diameter with a spiked surface (Yu et al., 2008 ) also bud into the ER, and are then transported through the Golgi apparatus, where the protease furin proteolyzes prM into pr and M (Stadler, Allison, Schalich, & Heinz, 1997) , producing mature, smoothsurfaced virions, 49 nm in diameter (Sirohi et al., 2016; Kostyuchenko et al., 2016) . After this critical step in virion maturation, virions are transported to the plasma membrane, and exit the cell via exocytosis.
Here, we have investigated the intracellular replication cycle of ZIKV using light and electron microscopy (EM) approaches. Our research reveals structural insights into key aspects of the ZIKV replication cycle, demonstrating that ZIKV infection leads to major rearrangements of the infected cell cytoplasm, particularly the remodelling of the ER (see also Cortese et al., 2017) . Noted morphological changes include the development of convoluted membrane (CM) regions, the production of spherules integral to replication, assembly of apparent Zika virions proximal to viral replication sites, budding of virions into the ER, trafficking of virions through the ER and the Golgi, and their cellular exit via exocytosis. These snapshots of the ZIKV replication cycle highlight the critical and extensive role of the ER in Zika infection.
| RESULTS

| Virus growth and cellular morphology
To examine the ZIKV replication cycle Vero E6 cells were infected with the ZIKV Puerto Rico strain PRVABC59, at a multiplicity of infection (MOI) of 5. Virus growth kinetics were determined in the supernatant at 1, 24, 48, and 120 hr postinfection (hpi). Production of infectious virus particles was determined by TCID 50 analysis (Figure 1a) , demonstrating an approximately five-log increase in viral growth by 24 hpi, with growth plateauing by 48 hpi, confirming a productive infection of these cells. To gain additional information on the location of virus replication within cells, we performed immunostaining on ZIKVinfected cells at successive-times postinfection using the J2 antibody that recognises double-stranded RNA (dsRNA), to identify sites of virus replication activity and an anti-E protein antibody that recognises the ZIKV envelope protein, E. As is shown in Figure 1 Figure S1 ) and also showed regions of more concentrated accumulation that appear punctate, particularly later in infection. Together, these data led us to investigate ZIKV infection using EM to more precisely examine the replication structures suggested by the discrete ER-localised puncta of dsRNA.
For EM studies, cells were harvested at 20 hpi, a midpoint of virus infection, and at 48 hpi, a late timepoint in virus production. Ultrathin 
| Remodelling of the ER
ZIKV infection induces an apparent proliferation, dilation, and reorganisation of the ER compared to control Vero E6 cells. It has been shown in flaviviruses such as ZIKV (Cortese et al., 2017; Offerdahl et al., 2017) , DENV (Junjhon et al., 2014; Welsch et al., 2009) , Langat virus (Offerdahl, Dorward, Hansen, & Bloom, 2012) , and tick-borne encephalitis virus (Bílý et al., 2015; Miorin et al., 2013) In general, the lumen of spherules are mostly electron-lucent relative to cytoplasm, and either contain thread-like fibers or appear void of content. The diameters of spherules are dependent on the presence of these fibers. Measured using 3D data, void spherules have a diameter of 44 AE 7 nm whereas spherules that contain thread-like filaments have a diameter of 61 AE 9 nm (n = 40 and 104, respectively). Spherule diameters reported from other ZIKVinfected cell types ranged from 61 to 65 nm (hNPC cells) and 81 to 88 nm (Huh7 cells), dependent on the viral strain (Cortese et al., 2017) . Given that immunolabelling evidence from DENV (Welsch et al., 2009 ) demonstrated the localisation of dsRNA, the presumed intermediate of viral genome replication, to spherule lumen, and we observe punctate staining of roughly the same size by fluorescence light microscopy, we expect the observed thread-like fibers within ZIKV-induced spherules to include dsRNA. Rather than sequestration of spherules by type, spherules with and without thread-like densities were often observed in close proximity within the same ER leaflet.
Spherule-containing membrane is often juxtaposed to additional ER membrane leaflets, as shown with gold and orange ER membranes in Figure 3a ,a'.
Tomography reveals that spherules are connected to the cytoplasm by a pore-like opening, shown in Figure 3b and Movie S2.
Therefore, spherule contents are topologically an extension of the cytoplasm, rather than of the ER lumen. The pore diameter is approximately 10 nm, as revealed by examination of tomographic slices in which there is (Figure 3b2,b2' ) or is not (Figure 3b1,b3) an opening. Note that we observe spherules as independently formed entities, similar to DENV (Welsch et al., 2009 ) and tick-borne encephalitis virus (Miorin et al., 2013) , that do not appear to include the spherule-spherule interconnections that have been detected in WNV (Gillespie, Hoenen, Morgan, & Mackenzie, 2010) and Langat virus (Offerdahl et al., 2012) . The neck-like densities of the pore opening were more readily observed in conventionally fixed material 
| Virus assembly, trafficking, and exit
Virions in different stages of the cellular transit process were evident in 2D images and in 3D EM tomographic data. Figure 4 illustrates transition states of viruses assembling at the membrane surface and budding into the ER lumen. In this figure, three virions are visible (see red highlighting), including two completed virions that appear to be moving out of the section plane and away from the budding site, whereas a third virion is still attached to one ER membrane (dark orange) that is directly opposite an RNA-containing spherule (blue) attached to a second ER membrane (peach).
These data show a close association of presumed viral RNA replication and packaging sites, pointing toward a highly compartmentalised viral packaging mechanism. Data such as those (Stadler et al., 1997) . In our data, viruses are also observed within the Golgi lumen and in nearby vesicles. Viruses are usually observed as individual particles in the Golgi, suggesting that each virus transits through the Golgi in its own secretory vesicle, as seen in Figure 5d and Movie S4. Additionally, viruses are observed at the plasma membrane (Figure 6 ).
where virus-containing vesicles appear to fuse with the plasma membrane.
| CM characterisation
The CM is the largest virus-induced structure. In aggregate, it is comprised of ER tubules with individual diameters of approximately 50-100 nm and a smooth ER-like appearance. These tubules twist and branch, forming a sponge-like network in the cell cytoplasm (Figures 2b and S3, CM) . The CM is typically observed near other viral-induced membrane structures, and occasional viruses are observed within the CM (Figure 2b , red arrowheads near CM label).
The CM is observed in many previously investigated flavivirusinfected cells (e.g., Westaway, Mackenzie, Kenney, Jones, & Khromykh, 1997; Welsch et al., 2009; Offerdahl et al., 2012) and has been shown to include both ER and ER/Golgi intermediate compartment proteins (Mackenzie, Jones, & Westaway, 1999; reviewed in Romero-Brey & Bartenschlager, 2016) .
| DISCUSSION
In this study, we explore in detail intracellular rearrangements associ- Zika virus envelopment, transit, maturation, and exit/entry. (a) Viral envelopment intermediates observed in 1 nm thick slices from three-dimensional (3D) reconstructions. Assembling virus particles are visible budding into the endoplasmic reticulum (ER; a1), within the ER but still attached to its membrane (a2), and within the ER (a3); virus particles are shown at 2× (top right panels), and 3D models are shown at 0.5× (bottom right panels); (b) virus particles (red arrowheads) accumulated within dilated regions of the ER; representative spherules marked by blue arrows; (c) inset from b shown at 2×; virus particles overlayed with red, spherules outlined with blue; (d) virus particles (Vi, and red arrowheads), observed in 10 nm thick tomographic slices, are present in the ER and Golgi. Maturation of virus depends on protein cleavage in the Golgi, suggesting these viruses are trafficking from the ER and through the Golgi. Panel b is a montage of two-dimensional electron microscopy images. Scalebars represent 100 nm, except in a insets as noted (Pollock et al., 2010) . Recent work has demonstrated glycosylation of the immature ZIKV capsid (Prasad et al., 2017) and our results using EM and tomography, in combination with results from the Bartenschlager lab (Cortese et al., 2017) , further demonstrate fundamental similarities in the ZIKV life cycle to those of other flaviviruses.
Given the strong similarities that are being revealed between ZIKV and flaviviruses, progress on host-targeted antivirals against DENV (reviewed by Acosta & Bartenschlager, 2016) (Cortese et al., 2017) . We suspect that, due to its prevalence and smooth ER-like appearance, further studies will demonstrate the presence of newly synthesised lipids within the CM, with associated lipid diffusion/transport to support membrane remodelling throughout virus-infected cells.
A proposed pathway for ZIKV replication is presented in Figure 7: ZIKV infection leads to intracellular ER membrane rearrangements, and likely new membrane production, that give rise to CM, ER invaginations called "spherules," virus assembly and accumulation, and then trafficking of virus through the Golgi. On the basis of similarities to flavivirus and tombusvirus data (Kovalev et al., 2016) , we expect that ZIKV-induced cellular modifications facilitate and compartmentalise the viral replication cycle.
ZIKV infection induces spherule formation within the ER (Figure 7 , step 1), creating a lumen with a pore-like connection to the cytoplasm.
We assume that the role of spherules in ZIKV is as a specialised com- Virus is also observed at the plasma membrane (Figures 6 and 7, step 4) .
Due to the static nature of EM, we cannot be certain that this event ( Figure 6 ) represents exocytosis, rather than endocytosis. However, our growth data indicate maximal levels of infectious virus in the supernatant at this 48 hpi time point, supporting the idea that these images likely represent viral egress.
In summary, our data show that the general virus assembly and budding pathways used by ZIKV appear to be highly similar to those seen in other flaviviruses, especiallly DENV. Morphologies induced by both ZIKV and DENV suggest virally conserved strategies for replication, packaging, and egress of flaviviruses. These conserved mechanisms may provide potential host targets for broad-spectrum drugs. Post-processing of images was performed to uniformly remove background from all images (FIJI software; Schneider, Rasband, & Eliceiri, 2012) and insets are shown at 5× using Adobe Photoshop.
| SAMPLE PREPARATION FOR EM
For HPF/FS, Vero E6 cells were mock infected or infected with ZIKV PRVABC59 at an MOI of 25 for 20 hr, followed by fixation in 2%
PFA (Tousimis Res. Corp.), 2.5% glutaraldehyde (Tousimis Res. Corp.)
FIGURE 7 Proposed Zika virus (ZIKV) replication pathway. As described in the text, RNA replication occurs within spherule invaginations in the endoplasmic reticulum (ER) that protect double-stranded RNA from initiating a cellular immune response (step 1). Viruses are assembled in dilated ER cisterna closely apposed to the site of viral RNA replication (step 2). From the ER, viruses traffic to the Golgi, where the ZIKV prM protein is cleaved by furin, resulting in maturation of the virion (step 3). Mature virions traffic in Golgi-derived vesicles to the plasma membrane, exiting the cell by exocytosis (step 4) at 37 C for 10 min; 4 C for 50 min; washed in 100 mM sodium cacodylate, 2 mM CaCl 2 (buffer A); washed in buffer A + 20 mM glycine; washed in buffer A. Cells were scraped and pelleted at 250 × g, 10 min; resuspended in 20% BSA in PBS; high pressure frozen and freeze substituted with 0.1% Uranyl Acetate (UAc), 0.5% glutaraldehyde, 0.1% tannic acid in increasing acetone, over 2 days, and embedded in TAAB Epon resin.
For conventional preparation, cells infected with or without virus for 48 hr were fixed in 2.5% glutaraldehyde, 1.25% PFA, 0.03% picric acid in 100 mM sodium cacodylate at room temperature for 1 hr;
washed in cold buffer A; fixed in 1% OsO 4 , 1.5% KFeCN 6 , 30 min;
washed in water; fixed in 1% UAc, 30 min; washed in water and dehydrated in ethanol. Cells were scraped into propyleneoxide, pelleted at 3,000 rpm; embedded in TAAB Epon according to manufacturer's instructions.
Ultrathin (~50 nm) and thick (~160-200 nm) sections were cut on a Reichert Ultracut-S microtome.
| EM AND IMAGE PROCESSING
Sections were poststained with 4% UAc for 15 min followed by
Reynold's lead citrate (0.2%) for 7 min. EM and tomography were performed on an FEI TF20 electron microscope equipped with a TVIPS F416 camera. Images were recorded with a pixel size of 1.12 nm. For 2D imaging of thin sections (50 nm), automated montages of cellular area were collected using SerialEM (Mastronarde, 2005) ; these data (Figures 2, 5b, c, 6 , and S2) are not processed beyond stitching together overlapping images using the IMOD software package (Kremer, Mastronarde, & McIntosh, 1995) . Thick sections (160-200 nm) were prepared for tomography by coating both surfaces of the grid with 10 nm gold fiducial particles (Ted Pella). Dual axis tilt series were collected with a pixel size of 1.12 over a AE 60°range with a 1°increment.
Tomograms were reconstructed using fiducial-based alignment using the IMOD software package. Areas of interest were segmented manually using unfiltered volumes, and 3D models are rendered in IMOD.
Movies were rendered using IMOD and annotated in Adobe Photoshop.
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